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Several powdered lubricant materials were selected for evaluation in

20-mm-bore-diam angular-contact bearings at 1200 F with an ultimate

objective of attaining 10 hr of bearing operation ot 50,000 rpm under

a combined 50-Ib radial load and 50-b thrust load. To permit opera-

tion at these temperatures, bearing materials of titanium-carbide cermet

and cobalt-base alloys were chosen and a reliable method of feeding

a continuous supply of the powdered lubricant entrained in o gaseous

carrier to the bearing was developed.
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Fig.1 Typical 20-mm bearings

The ever-increasing operating speeds of mis-
silles and aircraft introduce greater demands on
equipment within these vehicles due to the as-
socilated increase in operating temperature para-
meters resulting from aerodynamic frictional
heating, radiant heat and heat loads generated by
additional complex equipment. It 1s anticipated
that future demands will result in operating tem-
peratures beyond the limits of common usage lubri-
cants and bearing materials (1).} The purpose of
the work presented in this paper was to investi.
gate the use of unconventional types of lubrieants
in rolling-contact bearings (20 mm bore size) in
order to attain bearing operation at 1200 F and
speeds to 1:106 DNZ under combined 50-1b radial
and 50-1b thrust loads.

In addition to the limitations encountered
with organic fluids as lubricants above 1000 F,
consideration also must be given to the limita-

Numbers in parentheses designate Ref'erences
at the end of the paper.

2 DN is defined as bearing bore diameter

(millimeters) times speed (rpm),
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Lubricants at 1200 F in High-Speed

Rolling Contact Bearings

DONALD §. WILSON

tions of the bearing materials at these tempera-
tures. The adility of a lubricant to perform its
function under boundary-lubrication conditions may
be dependent upon the choice of bearing material
to be lubricated. Because of this inter-relation-
ship of bearing material and lubricant, the probe
lem of high-temperature bearing operation was ap-
proached as a bearing-lubricant system, subdivided
into three general problem areas each dependent
upon the other. These are:

1 Bearing material and design.

2 Lubricant.

3 Method of lubricant application.

Investigations by Bowden and Tabor (2) and by
Marshall, Peterson and Johnson (3) have indicated
the importance of solid surface films between
sliding surfaces to reduce wear, friction, and
surface damage., From these investigations, 1t 1s
assumed that the function of a lubricant within a
rolling-contact bearing is to form a low shear-
strength solid surface film on or between the
sliding and rolling contact regions of the bearing
to reduce wear and surface damage in these areas,
The formation of such a film can be accomplished
by either chemical or physical adsorption of the
lubricant on the material surface. In either
case, the abllity of the lubricant to form on the
material surface is dependent upon both lubricant
and material.

The formation of a film within the contact
region of a high-speed, rolling-contact bearing is
not always indicative of satisfactory bearing per-
formance. The success of the film is also depende
ent upon film consistency, hardness, and uniform-
ity as well as the filming or attrition rates of
the film. These considerations become more appar-
ent at speeds above 0.ux106 DN.
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TA‘LE e
COMPOSITION OF BEARING ANDYRETAINER MATERIAL
i
Material ldentification
Titanium Titanium Titenium Cast Cast Wrought
Carbide Carbide Carbide Cobalt Caobalt Cobalt
Grade Grade Grade Alloy Alloy No. 3 Alloy
K163A1 K1628 K1754
Manufacturer's Ideatification
Kentanium Kentaniam Kentaniem Stellite Stellite Hayneas
K163A1 K1828 K175A StarJ No. 3 Alloy No. 25
Composition (Percentage by Weight)
Ni  33.3 Ni  2%.0 Ni  40.5 Nt 2.5max | NI 30max | Ni 9.0-11,0
Mo 6.7 Mo 5.0 Mo 15.2% Co Bal Co Bal Co Bal
TiC §0.0 TiC 64.0 Al 4.25 Cr 2.0 Cr 30.5 Cr 19,0-31.0
CbC 10.0 coC 8.0 TIC 3.0 w 17.0 W 12,5 W 14,0-18.0
CbC 10.0 Fe LOmax Fe 3.0 max Fe 3.0max
C 2.5 [o) 2.45 c 0.05-0, 15
1 1.0 max
Mn 1.0-2.0
TABLE ]
1200° F BEARING MATERIALS
ner- Outer- Internal
Code Bearing Race Race Ball Bearing
No. Group Identification Material Material Material Play
A L ¢ Titsnium Titani Ti Tt 0,0010
Carbide Carbide Carbide Carbide
{K178A) (K103A1) (K183A1)
B 1 Cast Cobalt Cast Cobailt Cast Cobalt | Cast Cobalt | 0.0028
_Alloy Alloy No. 3 Alloy No. 3 | Alloy :
C o THanium Ti T Ti 0.0028
Carbide Carbide Carbide Carbide
(K163A 1) {K163A 1) (K183A1)
D n Titsntum Titanium T# T 0.0028
Carbide Carbide Carbide Carbide
(K183B) (K1628) (K1828B)
E n Wrought Wrought Wrought Cast 0,0028
Cobalt Alloy Cobalt Alloy | Cobalt Alloy { Cobalt Alloy

MATERIALS , APPARATUS AND PROCEDURE

Lubricants

The following three general categories of
powdered lubricants were considered for
evaluation:

1 Layer-lamellar materials whose structures
permit easy slippage of the orystalline structure
in one plane (molybdenum disulfide and graphite,
for example).

2 Soft solids that tend to bond to surfaces
(1ead monoxide, for example).

3 Chelating organic solids or thermally
stable organic materials that tend to attach them-

selves to metal atoms (metal-free phthalooyanine,
for example),

The selection of specific materials from the
three general categories was based on thermal
stability as well as other known physical and
chemical properties. A total of 24 materials was
chosen for preliminary stability studies and high-
temperature rilming experiments. The most prom-

ising of these materials was evaluated at 1200 F
in a high-temperature rolling-disk machine (as
desoribed in reference 4) which was capable of
simulating the contact areas in ball bearings.
From these preliminary screening appraisals, the
following materials were selected to be evaluated
in bearings:




Fig.2 Experimental bcaring-retaner configurations

1 Molybdenum disulfide (MoSp) in a nitrogen
environment.

2 Metal-free phthalocyanine in a nitrogen
environment,

3 Lead monoxide (Pb0O) in an ailr environment,

4 Ccadmium oxide (C40) plus graphite (1:1
mixture by weight) in an air environment,

5 A proprietary organic polymer furnished by
Battelle Memorial Institute designated BMI-C.
This material was fed to the bearing in a nitro-
gen-gas environment.

6 Cerium sulfide (CezS3} in a nitrogen
environment.

The atmospheric environment utilized was dic-
tated by the lubricant to be evaluated; that is,
nitrogen was used with MoS, to prevent lubricant
oxidation at temperatures above 800 F, and with
metal-free phthalooyanine and BMI-C to improve
their ability to'form films on the bearing mate-

y 400 RPM DRIVE

—ORY POWDERED LUBRICANT

— ASITATOR

~—1-40 APM

GAS INLET —_
rial contact surfaces., Where lubricating ability
at 1200 P was not apparently adversely affected,
an air environment was utilized. Fig.3 Variable-speed gear-feed lubricator

Bearing Materials

FNo single material oan be considered out-
standing for use in the 1200 P range for bearing
races, balls, or retainers. Generally speaking,
nickel alloys, molybdenum alloys, ocobalt alloys, tion and wear data, the following factors were al-
ceramics and cermets are oonsidered to encompass 8o oconsidered for the selection of materials from
most of the available high-temperature materials. these groups: strength, hot hardness, thermal
In addition to the primary oonsiderations of fric- stability, and resistance to oxidation at high




LUBRICANT
OQUTLET  canTRIDSK
WEATERS

NOTE: ¥, Tp,75,Tq ARE THERMOCOUPLE LEADS
Fig.4 High-temperature combined-load bearing test-rig

temperatures. The final materials chosen for the
bearing rolling elements and raceways were
selected from the cobalt-alloy family and the
titanium-carbide cermets. The specific materials
and the actual raceway-ball combinations utilized
are presented in Tables 1 and 2.

Several designs of angular-contact 20-mm-
bore-size bearings were manufactured for the pro-
gram, In general, an attempt was made to provide
sufficient internal play within the bdearing to
provide for flow with powdered lubricants and to
allow for thermal gradients., Race curvatures wvere
selected to minimize the stress levels within the
bearings at maximum speed, load and temperature
conditions. At these conditions, the mean com-
pressive Hertz stress on the outer race was calcu-
lated to be 150,000 psi for the Group II cobalt-
alloy bearings and 215,000 psi for the Group II
titanium-carbide bearings (see Table 1). The cen-
trifugal ball load constitutes approximately 30
per cent of the total effeoctive load on the outer
race. Counterbored inner-race as well as counter-
bored outer-race designs were selected for evaluae
tion. Pig.l 1llustrates several bearing configu-
rations. :

Retainer materials were selected from the
cobalt-alloy family, nickel-alloy family and the
titanium-carbide cermets. The grades of materiul
and the retainer designs evaluated are shown in
PAg.2. The grooves in the retainer-guide diamete:
perait the flow of lubricant through the bearing
and sllow an exit port for wear debris.

Lubrication Technique

The use of powdered lubricants lntroducea(a
flow problem, that is, the assurance that a flow
of finely dispersed predetermined quantity of
lubricant will be continuously fed to the bearing.
A gas 1s required as a carrier to propel the lub-
ricant particles into the bearing. Several meth-
ods weie employed to mix the lubricant with the
gas. However, control of either the lubricant or
the ocarrier flow rate created a problem,

The final configuration of the lubricant feed
apparatus shown in Fig.3 consists of a gear that
picks up lubricant from the upper chamber and
carries it between the gear teeth to a point in
the housing where the gas carrier blows the powder
through the exit line into the bearing. This ar-
rangement permits control of (a) lubricant flow by
varying the gear speed and (b) carrier flow by
varying the carrier gas pressure. This configura.
tion has proved to be reliable as a supply teche
nique. Such an elaborate device may not be neces-
sary when the lubricant and gas flow rates have
been established. Lubricators that have no moving
parts have been used successfully for constant
flow rates and they would be better suited for ape
plications employing powdered lubricants,

Apparatus

The apparatus used to evaluate lubricante
bearing combinations is shown diagrammatically in
Fig.4. Bearing environmental temperatures to 1500
F are achieved by means of electrical cartridge
heaters located in the rig housing surrounding the
bearings. Speeds from 5000 to 50,000 rpm are ob-
tained through an air-turbine drive. Radial and
thrust loads are applied to the dbearing by the use
of a dead-weight load system as shown in Pig.h.

Following is the procedure used to evaluate
a lubricant in this combined-load rig:

1 Ambient temperature of bearing is raised
to 1200 + 40 deg P as indicated by two thermo-
couples recording bearing outer-race temperature.

2 Thrust and radial loads are applied to
bearing; lubrication injection into bearing is
started. Lubricant and gas carrier are mixed at
room temperature and preheated to approximately
950 P before injection into test bearing.

3 After 1 min of lubdbricant flow, bearing
speed 1s set at 1000 rpm. After 2 min of opera-
tion, bearing speed is increased to 25,000 rpm (or
other desired operating speed) and a 2-hr run is
completed under these conditions, (Bearing torque
is checked during speed increase coycle. Lubricant

flow is adjusted to maintain minimum torque
level.)

4 Reverse procedure is followed to shut down
apparatus at oompletion of bearing run or when it




is necessary to stop run prematurely due to rough
operation or dearing failure.

5 Lubricant effeotiveness 1is determined from
bearing microscopic and macrosoopic inspections
and from bearing dimensional and weight changes.

RESULTS AND DISCUSSION

Bearing-Lubricant Evaiuation

) Research concerning lubricating qualities has
been conduoted during recent years on such mate-
rials as molybdenum disulfide and lead monoxide.
However, information about their ability to func-
tion in rolling-contact bearings at high speeds
and temperatures of 1200 F (6) was limited. The
primary consideration in using these materials,
therefore, was to determine their effect in high-
speed bearings, operated at temperatures of
1200 F.
) The dmown oxidation characteristics of molyb-
denumn disulfide dioctated the use of a nitrogen
carrier. Nitrogen was not needed for lead monoxe
ide at the 1200 F ocondition. The other materials
selected for lubricants in bearing experiments
(metal-free phthalocyanine, cerium sulfide, BMI-C
and the graphite plus cadmium-oxide mixture) wers
evaluated previously in the laboratory to deter-
mine their ability to form a film on the bearing

‘material. Except for the graphite-cadmium oxide
mixture, nitrogen was used as the gas carrier to
l1imit the effect of oxidation. The results of
these evaluations are listed in Table 3. Fol-
lowing is a discussion of each lubricant.

Molybdenum Disulfide

The most successful bearing operation at
1200 F in terms of bearing wear and smoothness of
operation was conducted with molybdenum disulfide.
Wrought cobalt-alloy bearings have been run for
periods to 111/2 hr at speeds of 25,000 to 30,000
rpm under 50-1b thrust load; they have also been
run for periods to 6 hr under the same conditions
with combined radial and thrust loads of 50 1b
each being applied. This lubricant was run in
both cast cobaltlalloy and titanium-carbide beare
ings for periods of 3 hr with equal success.
Bearing torque characteristics at 1200 F using
molybdenun disulfide are shown in Pig.5.

Light pitting beneath the lubricant film in
the bearing contact regions was evident in both
materials. Table 2 lists the findings concerning
two bearings lubricated with MoS, and run at
1200 P. Operation at speeds in excess of 30,000
rpm resulted in vibrations in the bearing due to
the relatively rough film of lubricant in the
running tracks of the raceways. (The consistency

-of this film is dependent upon lubricant flow

141 ® PbO (165gm/min)
Titorwum Corbide bearing
1.2 4
Lo
* MoS3 (.22 gm/mn)
§ 8 Cast Cobolt Atioy Bearing
§ 6 PCH2 (21 gm/min}
= Wrought Cobalt
Z Alloy Bearing
;.4-
24
Bearing Temperoture ~ 1200 Degrees F
[} -

o 10 20 30 40 50
Bearing Speed (RPMx103)

Fig.5 Bearing-lubricant torque characteristics

rates and lubricant particle size.) Lubricant
flows above 0.48 gram per min resulted in a sub-
stantial (0.0003 in.) film buildup during 3-hr
perliods of operation at speeds of 25,000 rpm. At
reduced flow rates below 0.20 gram per min, wear
was encountered, Recent investigations using Mos2
indicate that smooth operation to speeds of 35,000
rpm i1s possible using submicron-size (below
0.00008 in.) particles at a flow rate of 0.20 to
0.25 gram per min in coﬁtrast to the rough opera-
tion encountered with the relatively coarse
(0.0008-0.0010 in.) lubricant used during the
earlier runs,

Metal-Free Phthalocyanine

Laboratory evaluations with metal-free
phthalocyanine (6) indicate that decomposition of
the lubricant commences above 900 F. The rate is
sufficiently low to permit the lubricant to per-
form its functions and to be replenished bdefore
complete decomposition occurs. This characteris-
tic results in very clean operation of the bearing
and rig with a2 negligible quantity of decomposed
particles present after the completion of a run.
The ability of the phthalocyanine to form a film
on the bearing surfaces has been attributed in
part (6) to its chelating properties; that is, the
ability to attach itself firmly to most metal
atoms, The rate at which filming occurs on the
oobalt-alloy and titanium-carbide bearings at
1200 F, however, has not proved rapid enough to
prevent bearing wear. An average internal wear
rate (which represents the combination of eight
ocontact surfaces) is approximately 0.001 in. per
hr in both cobalt-base alloy and titanium-carbide
material bearings. Bearing operation is generally
smooth with a minimum of vibration. Slight difa
ference was evident in performance between the
cobalt-base alloy and titanium-carbide bearings
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although operation was considered slightly smooth-
or with titanium-carbide bearings. In both bear-
ings, insufficient lubricant was indicated by
highly polished contact surfaces and fine pitting.
At inoreased flow rates, the bearing contaot sur-
faces had a dark polish and myriads of minute
pits.

Lead-Monoxide, Graphite Pius Cadmium-Oxide
Mixture, BMI-.C and Cerium Sulfide

Only initial lubricant soreening runs instead
of endurance evaluations were conduoted with these
lubricants. These evaluations consisted of only
one or two short bearing runs. The initial inves-
tigations, however, provide a good indication of
the effectiveness of the lubricant in an actual
bearing and the merits of further evaluating the
lubricants for high-speed bearing applications.

Lead monoxide was characterized by sxooth
operation in a cobalt-bﬂse alloy bearing. At the
lowest flow rate attempted, 0.036 gram per min,
internal wear on the rolling-contact surfaces was
high although the wear on the retainer sliding
surfaces was negligible. At an increased flow
rate of 2.13 grams per min, the lubricant tended
to clog the bearing inducing high bearing torques
as shown in Fig.5 finally resulting in a sudden
speed decrease after 25 min of operation. A film
formed on all contaot surfaces with no detectable
wear being evident. Additional evaluations wvere
not conducted with this lubricant at intermediate
flow rates and, therefore, an optimum flow was not
established.

The use of the graphite plus cadmium-oxide
mixture indicated very rapid bduildup on the cone
tact surfaces of a ocobalt<base alloy bearing
during a period of only 6 min at a flow rate of
0.033 gram per min. It 1s believed that this
material offers considerable merit as a lubriocant
at properly adjusted flow rates., More recent
evaluations indicate that this ludbricant will
function well at bearing speeds of 30,000 rpm over
the temperature range from 100 to 1200 F for per-
1ods to 10 hr in an air environment. In ocontrast,
the cerium sulfide appeared to offer no protection
to the bearing surfaces.

The orgenic polymer (BMI-C) appeared to have
filmed readily on both ocobalt-base alloy and
titanium-carbide bearings. The film formed, how-
ever, was hard and orusty causing rough operation
that required the termination of testing.

In addition to the results obtained with
various ludbricants, several other factors are
worth noting:

1 01l r»un-in prior to operation using powv.
dered lubricants appeared to offer no improvement
in bearing performance.

Fw—— o

2 The axial grooving of the retainer-guilde
diameter to provide adequate lubricant flow pas-
sage consistently resulted in guide-diameter wear.
The wear with this configuration, it was believed,
was due in part to the scraping action of the
grooves which tended to remove the lubricant-film
buildup from the race-locating diameter. Unsuc-
cessful attempts were made to eliminate this con-
dition by removing sharp edges. Similar wear was
encountered with both inner and outer-race riding
grooved retainers. An uninterrupted guide diame-
ter appeared to offer an improvement over this
design.

3 Inner-race wear was generally greater for
outer-race riding retainer bearings and the outer-
race wear was generally greater for inner-race
riding retainer bearings when lubricant flow rates
were marginal., This indicates that the retainer
may trap more lubricant in the raceway of the race
on which it guides, thus furnishing better lubri-
cation in that region.

4 It was determined during operation that
the wrought cobalt-alloy material was not dimen-
sionally stable for long periods of time at 1200 P
after being cold-reduced 40 per cent and aged 4 hr
at 1140 F. A uniform size reduction was noted in
the range of 0.00027 in. per in. of diameter in 13
hr at 1200 P and a further reduction of 0.00024%
in. per in. of dlameter after an additional 14 hr
at 1200 P, This problem of dimensional instabil-
ity was not encountered in the cast cobalt or
titanium-carbide materials during periods to 10 hr
at 1200 P.

In addition to the problems associated with a
high-temperature bearing lubrication system, con-
sideration must also be given to thermal gradients
and differential expansions enocountered in both
rig and bearing components, However, with an
understanding of the problems common to high-
temperature applications, it is believed that a
reliable high-speed (25,000 rpm) rotating device
could be developed. The results of the work now
completed indicate the feasibility of operating

. rolling-contact bearings in such a device at tem-

peratures of 1200 P for periods of at least 10 hr.
Work is presently continuing to investigate the
room-temperature to 1200-F range of powdered lub-
ricants., In a practical application, lubricant
supply rates for two support bearings would be in
the order of 1 1b of lubricant for 10 hr of opera-
tion, assuming the use of a nonciroculating system.
As investigations continue, optimum flow rates are
being more closely pinpointed and may result in a
reduction in this total flow requirement. Carrier
gas for such a system might be compressed gas for
molybdenum disulfide or ram air and engine exhaust
gas could be considered as other lubricants such




as a graphite plus cadmium-oxide mixture are more
fully explored.

CONCLUSIONS

The work conducted during this piogram has
indicated the feasibility of utilizing solid lub-
ricants in a continual injeoction-type system for
lubricating rolling-contact bearings at tempera.
tures of 1200 F for periods of at least 10 hr,

The maximum bearing capabilities have not been ex-
plored fully but operation at 25,000 to 30,000 rpm
(0.5x10"” DN) under occmbined radial and thrust
loads of 50 1b 1s possible. These results have
been obtained in wrought cobalt-alloy bearings
with molybdenum disulfide although pouwders such as
metal-free phthalocyanine and lead monoxide have
shown some promise at these temperatures. The de-
gree of bearing wear and smoothness of operation
are dependent upon the type and characteristics of
the lubricant film formed on the bearing-contact
surfaces, The formation of such a film is a func-
tion of both the lubricant and the bearing mate-
rial, the degree of filming being dependent upon
the affinity of the former for the latter. In-
vestigations are continuing to extend the opera-
tional range of solid lubricants from 70 to 1200
F in actual bearing evaluations. Additional solid
lubricants are also being screened and it appears
that combinations and mixtures of solid lubri-
cants, when effectively applied, will permit oper-
ation of rolling-contact bearings over a tempera-
ture range of 70 to 1200 F at speeds to 30,000 rpm
for periods of at least 10 hr.
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